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Abstract
Arkansas continues to be one of the largest users of groundwater in the Nation. As such, long-term planning and management are essential to ensure continued availability of groundwater and surface water for years to come. The Mississippi Embayment Regional Aquifer Study (MERAS) model was developed previously as a tool to evaluate groundwater availability within the Mississippi embayment, which encompasses much of eastern Arkansas where the majority of groundwater is used. The Arkansas Water Plan is being updated for the first time since 1990 and serves as the State's primary, comprehensive water-resources planning and guidance document. The MERAS model was selected as the best available tool for evaluation of specific water-use pumping scenarios that are currently being considered by the State of Arkansas. The model, developed as part of the U.S. Geological Survey Groundwater Resources Program's assessment of the Nation's groundwater availability, is proving to be invaluable to the State as it works toward development of a sustained yield pumping strategy. One aspect of this investigation was to evaluate multiple methods to improve the match of observed to simulated groundwater levels within the Mississippi River Valley alluvial and middle Claiborne (Sparta) aquifers in the MERAS model. Five primary methods were evaluated: (1) explicit simulation of evapotranspiration (ET), (2) upgrade of the Multi-Node Well (MNW2) Package, (3) geometry improvement within the Streamflow Routing (SFR) Package, (4) parameter estimation of select aquifer properties with pilot points, and (5) modification of water-use estimates. For the planning purposes of the Arkansas Water Plan, three scenarios were developed to evaluate potential future conditions: (1) simulation of previously optimized pumping values within the Mississippi River Valley alluvial and the middle Claiborne aquifers, (2) simulated prolonged effects of pumping at average recent (2000-5) rates, and (3) simulation of drawdown constraints on most pumping wells.
The explicit simulation of ET indicated little, if any, improvement of model fit at the expense of much longer simulation time and was not included in further simulations. Numerous attempts to fully utilize the MNW2 Package were unsuccessful in achieving model stability, though modifications made to the water-use dataset remained intact. Final improvements in the residual statistics may be attributed to a single method, or a cumulative effect of all other methods (geometry improvement with the SFR Package, parameter estimation with pilot points, and modification of water-use estimates) attempted. The root mean squared error (RMSE) for all observations in the model is 22.65 feet (ft) over a range in observed hydraulic head of 741.66 ft. The RMSE for water-level observations in the Mississippi River Valley alluvial aquifer is 14.14 ft (an improvement of almost 3 ft) over a range in observed hydraulic head of 297.25 ft. The RMSE for the Sparta aquifer is 32.02 ft (an improvement of approximately 3 ft) over a range in observed hydraulic head of 634.94 ft.
Three scenarios were developed to utilize a steady-state version of the MERAS model. Scenario 1 was developed to use pumping values resulting from the optimization of baseline rates (typically 1997 pumping rates) from previous optimization modeling of the alluvial aquifer and the Sparta aquifer. Scenario 2 was developed to evaluate the prolonged effects of pumping from the alluvial aquifer at recent pumping rates. Scenario 3A was designed to evaluate withdrawal limits from the alluvial aquifer by utilizing drawdown constraints equal to an altitude of approximately 50 percent of the predevelopment saturated thickness of the alluvial aquifer or 30 ft above the bottom of the alluvial aquifer, whichever was greater. The results of scenario 1 indicate large waterlevel declines throughout the area of the alluvial aquifer, regardless of the substitution of the optimized pumping values from earlier model simulations. The results of scenario 2 also indicate large areas of water-level decline, as compared to half of the saturated thickness, throughout the alluvial aquifer. The results of scenario 3A reveal some effects from the inclusion of multiple aquifers in a single simulation. The initial configuration of scenario 3A resulted in water levels well below the defined drawdown constraint, and some areas of depleted aquifer (water levels that are near or below the bottom of the aquifer) in east-central Arkansas. A fourth simulation (scenario 3B) was configured to apply the same drawdown constraints from the alluvial aquifer wells to the Sparta aquifer wells in the depleted area. These drawdown constraints reduce leakage from the alluvial aquifer to the underlying Sparta aquifer. This configuration did not produce depleted areas within the alluvial aquifer. Scenarios 3A and 3B indicate that even when pumping is limited in the alluvial aquifer, water levels in the alluvial aquifer may continue to decline in some areas because of pumping in the underlying Sparta aquifer.
Introduction
Arkansas continues to be one of the largest users of groundwater in the Nation (Maupin and Barber, 2005) . As such, long-term planning and management are essential to ensure continued availability of groundwater and surface water for years to come (Arkansas Natural Resources Commission, 2013a). One tool implemented as part of the planning process is a groundwater-flow model that can be used to represent recent (2007) and past conditions and evaluate changes in potential future conditions. The Mississippi Embayment Regional Aquifer Study (MERAS) model ( fig. 1 ) of Clark and Hart (2009) and modified in Clark and others (2011) (model versions 1.0 and 1.1, respectively) was developed as a tool to evaluate groundwater availability within the Mississippi embayment, which encompasses much of eastern Arkansas where the majority of groundwater is used. The Arkansas Water Plan is being updated for the first time since 1990 and serves as the State's primary, comprehensive water-resources planning and guidance document (Arkansas Natural Resources Commission, 2013a). The MERAS model has been selected as the best available tool for evaluation of specific water-use pumping scenarios that are currently being considered by the State of Arkansas (Arkansas Natural Resources Commission, written commun., 2013). The model, developed as part of the U.S. Geological Survey (USGS) Groundwater Resources Program's assessment of the Nation's groundwater availability, is proving to be invaluable to the State in the development of a sustained yield pumping strategy. In an effort to continually improve the MERAS model calibration and, thus, the effectiveness of evaluating groundwater availability, the USGS, in cooperation with the Arkansas Natural Resources Commission (ANRC), evaluated multiple methods to improve the match of observed to simulated groundwater levels (reduction in residual error) within the Mississippi River Valley alluvial and middle Claiborne (Sparta) aquifers in the MERAS model. Because of the needs of the ANRC in preparation of the Arkansas Water Plan, the focus of reduction in residual error was primarily in Arkansas. Five methods for reducing the residual error were evaluated: (1) explicit simulation of evapotranspiration (ET) (net recharge was used in previous model versions), (2) upgrade of the MultiNode Well (MNW) Package, (3) geometry improvement within the Streamflow Routing (SFR) Package, (4) parameter estimation with pilot points, and (5) modification of water-use estimates.
For the analysis contained in this report, the MERAS groundwater-flow model (Clark and others 2011) (hereafter referred to as model version 1.1), which was modified from model version 1.0 (Clark and Hart, 2009 ) by decreasing the net recharge early in the simulation (predevelopment to the 1960s), was used as a starting point to introduce the enhancements. The MERAS model produced as a result of the enhancements is considered version 2.0 because of the modifications to the MNW Package and the introduction of pilot points. The purpose of this report is to document the multiple methods used to reduce model error, introduce the upgrade of the MNW2 Package and implementation of pilot points to create the MERAS model version 2.0, and provide the resulting calibration. Additionally, the report documents results of scenarios of prolonged pumping using (1) previously optimized pumping, (2) recent average pumping with reductions for surface-water diversions, and (3) drawdown constraints at 50 percent of the Mississippi River Valley alluvial aquifer predevelopment saturated thickness, or 30 ft above the bottom of the alluvial aquifer, whichever was greater. The scenarios are focused on the effects on water-level decline in the Mississippi River Valley alluvial aquifer and the middle Claiborne (Sparta) aquifer within the State boundary of Arkansas.
The MERAS model area is approximately 78,000 square miles (mi 2 ) and includes eight States with approximately 6,900 miles of simulated streams, 70,000 well locations, and 10 primary hydrogeologic units (Clark and Hart, 2009 ). The calibration period extends from January 1, 1870, to April 1, 2007, for a total of 137 years and 69 stress periods. The first stress period is simulated as steady state to represent predevelopment conditions. The MERAS model is the only groundwater-flow model currently available to simulate fresh groundwater in all adjacent States that are part of the Mississippi embayment. Therefore, the MERAS model provides a unique tool that is useful for interstate sustainability issues while focusing on a particular State, which is Arkansas in this investigation. 
Methods
The explicit simulation of evapotranspiration (ET) required estimates of ET rates for the calibration period from 1870 to 2007. Conceptually, by explicitly simulating ET, the model may more closely approximate the true physical processes at work in the groundwater system and, thus, improve the model calibration, particularly in the early time period of the simulation. ET rates for the simulation period from 1870 to 2007 were estimated from temperature based Potential ET (PET) methods (Hamon, 1961) and adjusted to represent ET at the water table. Grids of maximum and minimum temperature were downloaded from the Parameterelevation Regression on Independent Slopes Model (PRISM) for the period from 1895 to 2007 (Daly and others, 2000; PRISM Climate Group, 2011 ). An average of the earliest available temperature grids (1895-97) was used to estimate PET rates for the simulation period from 1870 to 1894. PET rates were calculated using the Hamon method (Hamon, 1961) , a method recommended by Lu and others (2005) for regional applications in the Southeastern United States. Grids of PET values were developed for each stress period of the MERAS model version 2.0 and further adjusted through multipliers similar to those used in the estimation of recharge in the MERAS model version 1.0 to achieve representative values of ET at the water table using the ET Package of MODFLOW-2005 (Harbaugh, 2005 .
Recent and ongoing advancements in water-resource models allow for explicit simulation of water-management concerns such as multiscreened wells. The MERAS model version 1.1 incorporates the Multi-Node Well 1 (MNW1) Package (Halford and Hanson, 2002) to represent wells completed in multiple aquifers. Recent modifications to the MNW Package (referred to as MNW2) (Konikow and others, 2009) include new output options to more easily evaluate the flow of water through MNWs and, thus, evaluate the effect on the groundwater system. The MNW dataset used in the MERAS model versions 1.0 and 1.1 contained well fields in which each well within the same well field was given the same identifier, which is not compatible with the MNW2 Package. The duplicate well identifiers were replaced with unique identifiers in MERAS model version 2.0 or, in some cases, actual duplicate withdrawals were removed. The MERAS model (all versions) discretized selected hydrogeologic units (such as the middle Claiborne [Sparta] aquifer and the lower Wilcox aquifer [Clark and others, 2011, table 1 ]) into multiple model layers. Because these units span multiple layers, and the location of well screens in these units was not well known, many of the wells were input into the model as MNWs rather than input as a withdrawal from a single layer (representing a discrete zone within a single hydrogeologic unit). While this method of input accounts for the uncertainty in well screen placement, it adds complexity to the simulation that may not be warranted. These MNWs were replaced by withdrawals from a single layer (the lowermost layer representing each hydrogeologic unit) and simulated as a single-node well in MNW2 in model version 2.0. In the MERAS model version 1.1 in the Grand Prairie area ( fig. 1 ), wells designated with the middle Claiborne aquifer (hereafter referred to as the Sparta aquifer) as the primary aquifer were simulated as extending from the Mississippi River Valley alluvial aquifer (hereafter referred to as the alluvial aquifer) to the lower part of the Sparta aquifer with the MNW Package. However, in the MERAS model version 2.0, these wells were specified only in the Sparta aquifer (layer 7) and were simulated using a single node in MNW2.
The SFR Package also was designated for improvement, particularly the geometry of selected streams simulated by the package (Niswonger and Prudic, 2005) . As noted in Clark and Hart (2009) From these cross-section data, more accurate estimates of mean stream width and depth were calculated. Additional river parameters representing Bayou Bartholomew, Bayou Macon, Bayou Meto, Leaf River, Nonconnah River, and Yazoo River ( fig. 1 ) also were created to represent potential differences in streambed conductance. Many streambed conductances were modified from the original calibrated values to reflect changes in parameterization and geometry (table 1) .
For the MERAS model version 2.0, the benefits of pilot points were evaluated (Doherty, 2003) , particularly in the storage and hydraulic conductivity properties of the shallow alluvial aquifer and the deeper confined system of the Sparta aquifer where small changes in storage and hydraulic conductivity can produce large changes in simulated groundwater levels. The MERAS model versions 1.0 and 1.1 used discrete zones to represent aquifer properties and stresses (such as hydraulic conductivity, storage, vertical anisotropy, and recharge), whereas version 2.0 used pilot points to allow for greater flexibility in the spatial assignment of aquifer properties. Essentially, each point at a specified location is assigned a value of a hydraulic property, which can change throughout the calibration process. A hydraulic property value for each model cell is interpolated based on the values of surrounding pilot points, which can serve to spatially vary the properties in a gradational manner, rather than discrete zones of hydraulic properties. More information on pilot points and the geostatistical methods are available in Doherty (2011) . Pilot points were distributed uniformly across the alluvial and Sparta aquifers at a spacing of approximately 5 miles (figs. 2 and 3), resulting in a total of 2,056 pilot points for the alluvial and other surficial aquifers (which included alluvial and terrace deposits beyond the Mississippi River Valley alluvial aquifer) and 2,271 pilot points for the Sparta aquifer. Additional pilot points were generated for Doherty, 2008) to estimate optimal parameter values through a series of model simulations. After each model simulation, simulated hydraulic-head values were compared automatically to measured hydraulic-head values. The simulations continued until a best fit between simulated hydraulic head and measured hydraulic head was attained. The calibration approach used in the simulation was similar to that used by Clark and Hart (2009) , which took advantage of Tikhonov regularization (Tikhonov, 1963; Doherty, 2003; Fienen and others, 2009 ) and hybrid singular value decomposition (Tonkin and Doherty, 2005; Hunt and others, 2007) , also referred to as SVD-Assist in Doherty (2008) . These methods can serve to constrain the parameter values so that large discrepancies in hydraulic properties are minimized, and parameters are combined in a way to make automated parameter estimation feasible when the number of pilot points (thus parameters) can easily number in the thousands. Figure 2. Pilot-point locations and values of (A) hydraulic conductivity and (B) specific storage used to represent the alluvial (and other surficial) aquifer. 
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During a review of estimated water-use values used in the previous MERAS models, some published values in the 5-year water-use reports (Holland, 1987; Holland, 1993; Lovelace and Johnson, 1996; Lurry, 1987; Walter, 1982) were found to have corrected values estimated after the initial publication date. Additionally, simulated hydraulic head values in select counties such as Columbia, Jefferson, and Union County, Ark. (fig. 1) , indicated potential discrepancies with the estimated water-use values from the Sparta aquifer. Upon further comparison with the time-series data, modifications were made to values representing pumping from the Sparta aquifer for select years. As an example, published water-use estimates for Jefferson County, Ark. (Holland, 1987) , used in the MERAS model version 1.1 show a general increase in water use from 1965 to 1980, followed by a dramatic decrease (from 71.1 Mgal/day to 42.4 Mgal/day from 1980 to 1985), then another increase (1990 to 1995), followed by another decrease (1995 to 2000) (table 2). Measured water levels in Jefferson County, Ark., used in the MERAS models show an overall steady decline from the 1960s through the early 2000s (Schrader, 2009, fig. 4, p. 16 ). An increase in water level of approximately 25 ft occurs between about 1982 and 1986, with most of the increase occurring from about 1983 to 1986, which may indicate a decrease in water use for those years. However, because stress periods in the MERAS models represent multiple years in many instances, a large reduction in water use for a single year may not adequately represent average pumping conditions over longer stress periods in the model. Corrections to the 5-year reported values also affected the trend analysis described in Clark and Hart (2009) by modifying the best fit lines based on the updated 5-year values. As a result, corrected values for the 5-year data and trend-estimated data were updated in the water-use data simulated by the MERAS model version 2.0 and incorporated using the methods described in Clark and Hart (2009) . While the modifications to water use in the model typically resulted in a positive effect on simulated heads, the cumulative change in water use in the model was not substantial compared to the MERAS model version 1.1.
Evaluation of Model Enhancements
The evaluation of the goodness of model fit is described below through a comparative analysis of root mean square errors (RMSEs) documented in Clark and others (2011) of MERAS model version 1.1. Five primary methods were evaluated to improve the MERAS model, which include (1) explicit simulation of ET, (2) upgrade of the MNW Package, (3) geometry improvement within the SFR Package, (4) parameter estimation with pilot points, and (5) modification of water-use estimation. Any improvement in the simulated hydraulic head value may be attributed to a single method, or a cumulative effect of all methods, with the exception of the explicit simulation of ET. The explicit simulation of ET indicated little, if any, improvement of model fit at the expense of much longer simulation time and was not included in further simulations. Numerous attempts to fully use the MNW2 package were unsuccessful in achieving model stability; therefore, while the MERAS model version 2.0 continues to implement MNW1, all modifications to the pumping dataset were retained, such as removal of duplicate well identifiers and the simplification of withdrawals from a single layer as described in the "Methods" section.
Comparison of Simulated and Observed Values
For comparative purposes to MERAS model version 1.1, the RMSE for observed groundwater levels compared to simulated groundwater levels was computed for each year. The RMSE for all observations in model version 2.0 is 22.65 ft over a range in observed hydraulic head of 741.66 ft over the entire model area, where the range equals the difference between the highest and lowest observed hydraulic head. The RMSE for alluvial observations in model version 2.0 is 14.14 ft (an improvement of almost 3 ft) over a range in observed hydraulic head of 297.25 ft over the entire model area. Likewise, the RMSE for the Sparta aquifer is 32.02 ft (an improvement of approximately 3 ft) over a range in observed hydraulic head of 634.94 ft. RMSE values between the MERAS model version 1.1 and 2.0 are compared in figure 6 . The RMSE values derived from MERAS model version 2.0 are similar to or less than RMSE values from the previous MERAS model version for the alluvial aquifer for all time periods (fig. 6) . Some of the largest improvements in RMSE values are from the late 1940s and early 1950s. Simulated streamflow is generally similar to the MERAS model version 1.1 and is not shown. 
Simulated and Observed Hydrographs
Simulated and observed hydrographs of hydraulic head were included in the same manner as presented in Clark and Hart (2009) for wells within Arkansas ( fig. 7 ; locations of wells are included on fig. 1 ). The location and fit of simulated to observed data of the selected hydrographs give an indication of any spatial bias that may be present in the simulation, which is similar to that presented in MERAS model 1.0 (Clark and Hart, 2009 ). Simulated hydrographs generally are similar to those of MERAS model versions 1.0 and 1.1; though there are subtle improvements in the match to observed hydrographs in Arkansas, Union, and Mississippi Counties in Arkansas ( fig. 1 ). The MERAS model version 1.0 simulated a waterlevel decline in the last 10 to 20 years of the simulation period for Mississippi County, whereas MERAS model version 2.0 simulated less decline as indicated by the observed values. The hydrograph in Arkansas County continues to show substantial declines in the simulated hydraulic head. While much effort was applied to improve the model fit in this area, which might require large changes to parameter values, no justifiable reason was found to make these changes based on available aquifer test data. Error in reported water-use amounts is another possible explanation (for the current lack of fit) and is discussed further in the following section "Effects of Water Use Estimation Error." The observed hydrograph in Arkansas County also may indicate the influence of a boundary condition such as a small stream or lake, which is difficult to adequately represent in large, regional flow models. Another hydrograph difference can be found in Lonoke County, Ark., where the simulated hydraulic head varies by more than 20 ft in the last 20 years of the model simulation. This variability is caused by the irrigation and nonirrigation stress periods used in the later part of the simulation. In light of these differences between simulated and observed values, all hydrographs show good general agreement in the direction and changes in water level. The hydrograph in Mississippi County indicates very little deviation from historical water levels, and the simulation matches this well. Additionally, the hydrograph from Union County, Ark., indicates large waterlevel declines followed by recovery, which the simulation mimics in a subdued form. 1870 1880 1890 1900 1910 1920 1930 1940 1950 1960 1970 1980 1990 2000 2010 Year Year 
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Effects of Water-Use Estimation Error
Water-use information in Arkansas is reported yearly by many industrial, municipal, and agricultural entities using the groundwater or surface-water sources (Arkansas Natural Resources Commission, 2013c). In some instances, the reported irrigation amount may represent a rough estimate of the actual amount of water used because of estimating flow from unmetered wells or approximating the depth of water applied over a given extent of crop. To explore the effect of these reported values on simulated heads, water use for all alluvial aquifer wells was reduced by 50 percent for each year after 1982. For some observation wells in the alluvial aquifer, this reduction in pumping resulted in groundwaterlevel increases of about 20 ft. More drastic differences of 40 ft or more were simulated in some areas of historical groundwater decline, such as a hydrograph from east-central Arkansas County, Ark. (fig. 8) . Overall, the new RMSE value was 13.76 ft after the 50-percent reduction in pumping for the alluvial aquifer (compared to a RMSE of 14.14 ft using total reported pumping). Though this improvement is small, it represents the sum total of all alluvial aquifer observations. Many of those observations may not have been affected by the reduction of water use, but the larger improvements in local areas are still reflected ( fig. 8) .
Scenario Development
MERAS model version 2.0 may be used to simulate water-level altitudes associated with prolonged pumping to evaluate sustainability of current and projected water-use demands. The following scenarios utilized a steady-state version of the MERAS model that includes average input conditions of streamflow, precipitation (which is converted to net recharge), and the appropriate average pumping condition for the scenario under evaluation. Because of numerical instability within the steady-state scenarios, layer 1 (representing part of the alluvial aquifer) required conversion from a convertible layer to a confined layer in the model configuration. This layer conversion may affect the calculation of transmissivity for part of the alluvial aquifer and is addressed further in "Model Limitations." For each scenario, the leakage of water from selected reaches of the White, Cache, and Arkansas Rivers ( fig. 1 ) into the alluvial aquifer was extracted from the MERAS model for comparison with regard to effects of groundwater pumping on streamflow. For simplicity, each scenario is summarized as
• Scenario 1 -Steady-state simulation of previous optimized pumping;
• Scenario 2 -Steady-state simulation of recent average pumping with reductions for surface-water diversions;
• Scenario 3A -Steady-state simulation of pumping constraints set at 50 percent of the alluvial aquifer predevelopment saturated thickness or 30 ft above the bottom of the alluvial aquifer, whichever was greater; and
• Scenario 3B -Steady-state simulation of pumping constraints used in scenario 3A, with constraints on Sparta aquifer wells in the Grand Prairie area ( fig. 1 ) set to reduce leakage from the overlying and hydraulically connected alluvial aquifer.
Scenario 1 was developed to use pumping values resulting from the optimization of 100 percent of baseline rates (typically 1997 pumping rates) from previous optimization modeling of the alluvial aquifer (Czarnecki and others, 2003a,b) and the Sparta aquifer (McKee and others, 2004) . Each of the previous optimization models used individual models of the alluvial and Sparta aquifers and three modeling packages, MODFLOW-96, MODMAN, 1870 1880 1890 1900 1910 1920 1930 1940 1950 1960 1970 1980 1990 2000 2010 and MINOS (Harbaugh and McDonald, 1996; Greenwald, 1998; Murtaugh and Sanders, 1998) . The models also determined the maximum total of surface-water and groundwater pumping from the system while maintaining desirable water levels in the aquifer and in streamflows. In each model, 100 percent of the baseline rates indicated that the optimized result placed an upper limit equal to the baseline pumping rate on the amount each well would be allowed to pump. Optimized pumping totals from the previous optimization models for each county within Arkansas were distributed to alluvial and Sparta aquifer wells in the MERAS model version 2.0. In this way, scenario 1 was used to compare the simulation of water levels and streamflow of the MERAS model version 2.0 to previous models used to estimate sustainable yield with regard to the alluvial aquifer and the Sparta aquifer. Pumping values for counties within the MERAS model version 2.0 that were not included in previous optimization work were assigned average pumping rates from recent years 2000 to 2005.
Scenario 2 was developed to evaluate the prolonged effects of pumping from the alluvial aquifer at recent pumping rates with reductions for surface-water diversions. The average pumping for each model cell of all wells in the model, including the alluvial aquifer, from 2000 to 2005 was calculated to represent recent pumping amounts. Because the MERAS model version 2.0 incorporates the MODFLOW MNW1 Package (Halford and Hanson, 2002) to simulate pumping wells, the ability to limit pumping based on a drawdown constraint is included in the model simulations. Using drawdown constraints, pumping is reduced (possibly to the point of zero pumping) when the water level near a well reaches a specified altitude within the well bore. MERAS model versions 1.1 and 2.0 used approximately 2 percent of the aquifer thickness to specify the altitude of drawdown constraints on most pumping wells. In scenario 2, drawdown constraints were assigned as the bottom of the alluvial aquifer for all areas used in previous optimization simulations. Additionally, scenario 2 included reductions of groundwater pumping because of surface-water diversion from the Bayou Meto project area (Bayou Meto Water Management District, 2013) and the Grand Prairie Area Demonstration Project (which is within the Grand Prairie area) (U.S. Army Corps of Engineers, 1999). Surface-water diversion for the Bayou Meto project area is expected to meet approximately 73 percent of the total demand. As such, pumping from all alluvial aquifer wells within the Bayou Meto project area was reduced by 73 percent from the average, recent rate. Surface-water diversion for the Grand Prairie Demonstration Project is planned to approximately equal the total amount of pumping in the project area; therefore, pumping from all alluvial aquifer wells within the project area was reduced to zero.
Scenario 3A was designed to evaluate withdrawal limits from the alluvial aquifer by utilizing drawdown constraints imposed in the MNW1 Package equal to an altitude of approximately 50 percent of the predevelopment saturated thickness of the alluvial aquifer (one of the current water-level criteria for an unconfined aquifer as a Critical Groundwater Area (Arkansas Natural Resources Commission, 2012) or 30 ft above the bottom of the alluvial aquifer, whichever was greater.
By using drawdown constraint altitudes representing approximately 50 percent of the predevelopment saturated thickness, scenario 3A would be similar to other simulations that estimate sustainable yield from groundwater. However, the drawdown constraints imposed in MNW1 do not limit pumping based on additional constraints on streamflow reduction, and MNW1 does not provide an optimal pumping solution as with the capabilities of a complete optimization model such as the Groundwater Management Process of MODFLOW-2005 (Ahlfeld and others, 2011) . Additionally, because drawdown constraints are assigned within the well bore, simulated water levels may vary significantly between the well bore and the adjoining aquifer. Therefore, while scenario 3A provides comparative conditions to evaluate sustainable yield based on current pumping rates, the limitations of optimal pumping, drawdown constraints, and conjunctive use from streams apply.
Scenario 3B was designed to include the drawdown constraints in scenario 3A and apply these constraints from the alluvial aquifer wells (at an altitude of approximately 50 percent of the predevelopment saturated thickness of the alluvial aquifer) to the Sparta aquifer wells in the Grand Prairie area. The constraints on the Sparta aquifer wells were set to reduce leakage from the overlying and hydraulically connected alluvial aquifer. The limitations described for scenario 3A also apply to scenario 3B.
Simulations of Sustainable WaterLevel Scenarios
Steady-state simulations using the MERAS model version 2.0 provide insight to the aquifer system response using previously optimized pumping (scenario 1), effects of prolonged recent pumping (scenario 2), and effects from reduced pumping based on drawdown constraints (scenario 3A). While the results of the four scenarios (1-3B) described above are useful in gaining understanding of the groundwater system as a whole, caution should be used in interpreting the results, and especially before making comparisons to results from an optimization-simulation model, such as with the Groundwater Management Process (Ahlfeld and others, 2011) or other similar tools. In general, results of the four scenarios reflect the different pumping intensities and the importance of simulating the multiple aquifers of the system in a single model.
The results of scenario 1 indicate large drawdowns throughout the area of the alluvial aquifer, regardless of the substitution of the optimized pumping values from earlier model simulations (fig. 9a) . The simulation of scenario 1 may substantiate the need to simulate the aquifers in the Mississippi embayment as a holistic analysis of the groundwater-flow system. Notice that one area of the alluvial aquifer depletion (water levels that are near or below the bottom of the aquifer) lies on either side of Crowleys Ridge ( fig. 9a ) and corresponds to an area of water-level decline in the Sparta aquifer ( fig. 9b) . Positive values represent water levels below the top of the aquifer. This area of the Sparta aquifer (near Crowleys Ridge) was beyond the boundary of the previous optimization simulations, which simulated each aquifer (or part of the aquifer) independently so that pumping from the Sparta aquifer did not interfere with pumping from the alluvial aquifer. Because of this, it is possible that more pumping was allowed from each aquifer during the optimization process than might be expected if the system was simulated as a whole. There may be other explanations for the apparent depletion as well, such as the model construction (hydrogeologic framework), boundary conditions, and aquifer property value differences in the earlier models compared to the MERAS model. However, the simulation of pumping from multiple aquifers appeared to play a partial role and is explored further in scenario 3B. The simulated water level of the Sparta aquifer seems more comparable to the previous optimized version of the aquifer in which most water levels over the area are between 100 and 500 ft above the top of the Sparta aquifer ( fig. 9b) . Most other water levels that fall below the top of the Sparta aquifer are within the outcrop-subcrop zone, or a relatively small area within Union County, Ark., which was also present in the previous optimization work.
The results of scenario 2 also indicate large areas of water-level decline below half of the saturated thickness throughout the alluvial aquifer ( fig. 10 ). This result is not vastly different, with respect to water levels well below the 50-percent constraint, from a similar simulation using 1997 pumping rates in a steady-state simulation (see fig. 11a of Czarnecki and others, 2003a) , which indicates large areas of depleted aquifer (water levels that are near or below the bottom of the aquifer) in parts of the Grand Prairie and Cache Critical Groundwater Area ( fig. 10) (Arkansas Natural Resources Commission, 2013b) . Within the Grand Prairie project area, water levels are typically below half of the alluvial aquifer saturated thickness, though simulations show that without the reduction in pumping, much of the area is completely depleted. The simulation indicates aquifer depletion in the northern part of the Bayou Meto project area, even with a 73-percent reduction in pumping from the alluvial aquifer. This, as with scenario 1, may be caused by pumping from multiple aquifers (as explored further in scenarios 3A and 3B). The simulation of declines on the east side of Crowleys Ridge may reflect an extension of the measured declines noted in some wells in the area since the 1970s (Schrader, 2010, fig. 4g ), and because the MERAS model contains an additional 10 years of information beyond the 1997 base pumping information used in Czarnecki and others (2003a) .
Because the simulation of scenario 2 included drawdown constraints set at the bottom of the alluvial aquifer within MWN1, the potential exists for a difference in the amount of pumping specified for the scenario (desired pumping) and the amount of pumping allowed to occur in the simulation. Essentially, as water levels decline during the simulation, pumping from wells decreases through loss of pump performance. This results in large areas within the alluvial aquifer that provide less than 20 percent of the desired pumping amount (fig. 11 ). (Note that desired pumping includes reductions resulting from surface-water diversions.) In some areas, water levels continued to decline to the point that the aquifer was depleted, thus pumping wells were removed in those areas from the simulation (fig. 11 ). As may be expected, the total amount of pumping from the alluvial and Sparta aquifers in the area of previously optimized pumping is greater than that of scenario 1 though still less than the desired average amount ( fig. 12 ). The results of scenario 3A reveal some effects from the inclusion of multiple aquifers in a single simulation ( fig. 13) . Initially, scenario 3A included drawdown constraints on alluvial aquifer wells based on approximately 50 percent of the predevelopment saturated thickness of the alluvial aquifer or 30 ft above the bottom of the alluvial aquifer, whichever was greater. This configuration resulted in water levels well below the defined drawdown constraint and some areas of depleted aquifer in the Bayou Meto project area ( fig. 13a ). This scenario reflects the areas where the Sparta aquifer subcrops beneath the alluvial aquifer. In this scenario (3A), the drawdown constraints are at an altitude equal to the potentiometric surface of the alluvial aquifer at 50 percent saturated thickness. If water levels in the Sparta aquifer are allowed below this altitude, leakage from the Sparta aquifer to the alluvial aquifer may occur, further dewatering the aquifer. Because of this effect, the water level of the Sparta aquifer must be maintained at a level equal to or greater than the altitude of 50 percent of the predevelopment saturated thickness of the alluvial aquifer. A fourth simulation (scenario 3B) was configured to include the drawdown constraints in scenario 3A and apply these constraints from the alluvial aquifer wells (at an altitude of approximately 50 percent of the predevelopment saturated thickness of the alluvial aquifer) to the Sparta aquifer wells in the Grand Prairie area. These drawdown constraints reduce leakage from the alluvial aquifer to the underlying Sparta aquifer. This configuration did not produce depleted areas within the alluvial aquifer in the Grand Prairie area (fig. 13b ). These simulations indicate that even if pumping were limited in the alluvial aquifer, water levels in the alluvial aquifer may continue to decline because of pumping in the underlying Sparta aquifer.
Similar to scenario 2, the drawdown constraints of MNW1 specified in scenario 3B set at half of the saturated thickness of the alluvial aquifer or 30 ft above the bottom of the alluvial aquifer, whichever was greater, allow for a difference in the amount of desired pumping (includes reductions in surface-water diversion areas) and the amount allowed by the drawdown constraints ( fig. 14) . These results share many similarities to Czarnecki and others (2003a, fig. 8 ) that simulated large areas of the Grand Prairie and Cache Critical Groundwater areas as unable to sustain pumping under the imposed drawdown constraints. The MERAS model version 2.0 reduces pumping in a manner similar to the previous optimization models, as well as additional areas in the northwestern part of the alluvial aquifer, and also in an area east of Crowleys Ridge (fig. 14) . The area of reduced pumping in the northwestern part of the alluvial aquifer may be the result of less accurate thicknesses of the alluvial aquifer or the absence of flow from underlying units, such as the McNairy-Nacatoch aquifer system (Renken, 1998 ) that was not represented in any of the MERAS models. As with the results of scenario 2, the area of reduced pumping east of Crowleys Ridge may be the result of additional pumping information that was not contained in the earlier optimization work. Though there are additional areas of reduced pumping in the northwestern part of the alluvial aquifer and east of Crowleys Ridge, the total amount of pumping from the alluvial aquifer (within the previously optimized area) is greater than the pumping specified in scenario 1, which corresponds to previously optimized values ( fig. 12) . The greater amount of pumping allowed by scenarios 3A and 3B is likely because of the ability of some wells to pump at the higher average pumping amount, compared to the 1997 pumping rate used as the baseline rate in previous optimizations. Scenario 3B illustrates an estimate of sustained pumping that could be maintained indefinitely because unmet demands on pumping could be obtained through an alternative surface-water supply.
Streamflow leakage from selected reaches of the White and Arkansas Rivers for each scenario indicates the largest amount of leakage to groundwater in scenario 2, which may be expected because of the lack of drawdown constraints. Simulated leakage from the White River (net leakage from the confluence of the Cache River to the Mississippi River) was 290 cubic feet per second (ft 3 /s) in scenario 1, increased to 500 ft 3 /s in scenario 2, and declined again to 297 and 285 ft 3 /s for scenarios 3A and 3B, respectively. Simulated leakage from the White River near the end of the calibration period (2006) Area of zero pumping
Model Limitations
An understanding of model limitations is essential to effectively use simulation results. Limitations of analysis using the MERAS model are documented in Clark and Hart (2009) . A summary of limitations that should be considered when interpreting model results are restated here. Because the model is a simplification of a complex system (for example, local variations in hydraulic conductivity and specific storage are not reflected in the model), some error in simulated water-level altitude is expected. Additionally, results from the scenarios produced using the MERAS model were based on steadystate conditions. Assumptions made for the development of the steady-state model include the continuation of average pumping and average precipitation for long periods of time. Many factors may influence the steady-state assumptions such as climate change, changes in agricultural practices, and growth or decline of population or industry. Thus, the steadystate scenarios are meant to be used as a guide for potential water-level changes if recent average conditions were to continue indefinitely. The additional assumption of confined layers affects the calculation of transmissivity and storage. By doing so, in areas where the water level declines below the confined layer, the transmissivity is not reduced according to the actual saturated thickness. This condition may result in more groundwater flow than is intended.
The goal of the MERAS model was to develop a model capable of suitable accuracy at regional scales. The intent was not to reproduce individual local-scale details, which are typically not possible given the uniform cell size of 1 mi 2 . Although the MERAS model may not represent each local scale detail, it is relevant for a better understanding of the regional flow system.
Summary
Arkansas continues to be one of the largest users of groundwater in the Nation. As such, long-term planning and management are essential to ensure continued availability of groundwater and surface water for years to come. The Mississippi Embayment Regional Aquifer Study (MERAS) model was developed as a tool to evaluate groundwater availability within the Mississippi embayment, which encompasses much of eastern Arkansas where the majority of groundwater is used. The Arkansas Water Plan is being updated for the first time since 1990 and serves as the State's primary, comprehensive water-resources planning and guidance document. The MERAS model was selected as the best available tool for evaluation of specific water-use pumping scenarios that are currently being considered by the State of Arkansas. The model, developed as part of the U.S. Geological Survey Groundwater Resources Program's assessment of the Nation's groundwater availability, is proving to be invaluable to the State in development of a sustained yield pumping strategy. In an effort to continually improve the MERAS model calibration, and thus the effectiveness of evaluating groundwater availability, the U.S. Geological Survey, in cooperation with the Arkansas Natural Resources Commission, evaluated multiple methods to reduce residual error associated with the Mississippi River Valley alluvial and middle Claiborne (Sparta) aquifers in the MERAS model. Five methods for reducing the residual error were evaluated: (1) explicit simulation of evapotranspiration (ET), (2) upgrade of the Multi-Node Well (MNW) Package, (3) geometry improvement within the Streamflow Routing (SFR) Package, (4) parameter estimation with pilot points, and (5) modification of water-use estimation. For planning purposes of the Arkansas Water Plan, three scenarios were developed to evaluate potential future conditions: (1) simulation of previously optimized pumping values with the Mississippi River Valley alluvial and the middle Claiborne (Sparta) aquifers, (2) simulated prolonged effects of pumping at average recent (2000) (2001) (2002) (2003) (2004) (2005) rates, and (3) simulation of drawdown constraints on most pumping wells.
Evapotranspiration rates for the simulation period from 1870 to 2007 were estimated from temperature based Potential ET (PET) methods and adjusted to represent ET at the water table. Grids of PET values were developed for each stress period of the model and further adjusted through multipliers similar to those used in the estimation of recharge in earlier versions of the MERAS model to achieve representative values of ET at the water table. The MNW dataset used in the earlier versions of the MERAS model contained well fields in which each well within the same well field was given the same identifier. The MNW dataset also contained duplicate well identifiers, which is not compatible with the MNW2 Package. The duplicate well identifiers were replaced with unique identifiers, or in some cases actual duplicate withdrawals were removed. Wells that were originally placed in multiple layers because of screen placement uncertainty were replaced by withdrawals from a single layer (the lowermost layer representing each hydrogeologic unit) and simulated as a single-node well in MNW2. To improve inputs to the SFR Package, the U.S. Geological Survey obtained measured cross-section data from the U.S. Army Corps of Engineers on the Arkansas and Mississippi Rivers. From these crosssection data, more accurate estimates of mean stream width and depth were calculated. Additional river parameters also were created to represent potential differences in streambed conductance. Many streambed conductances were modified from the original calibrated values to reflect changes in parameterization and geometry. Pilot points were distributed uniformly at a spacing of approximately 5 miles for the alluvial and other surficial aquifers (which included alluvial and terrace deposits beyond the Mississippi River Valley alluvial aquifer) and the Sparta aquifer to represent the aquifer properties of hydraulic conductivity and specific storage. Additional pilot points were generated for the VicksburgJackson confining unit (to represent vertical anisotropy) and recharge multiplier values. During a review of estimated water-use values used in the previous MERAS models, some published values in the 5-year water-use reports were found to have corrected values estimated after the initial publication date. Additionally, residuals in select counties such as Columbia, Jefferson, and Union County, Arkansas, indicated potential issues with the estimated water-use values. Upon further comparison with the time-series data, modifications were made to water use values for select years.
The explicit simulation of ET indicated little, if any, improvement of model fit at the expense of much longer simulation time and was not included in further simulations. Numerous attempts to fully utilize the MNW2 Package were unsuccessful in achieving model stability, although modifications made to the water-use dataset remained intact. Final improvements in the residual statistics may be attributed to a single method, or a cumulative effect of all methods attempted. For comparative purposes to the previous MERAS model, the value of root mean square error (RMSE) was computed for each year. The RMSE for all observations in the model is 22.65 feet (ft) over a range in observed hydraulic head of 741.66 ft. The RMSE for alluvial observations is 14.14 ft (an improvement of almost 3 ft) over a range in observed hydraulic head of 297.25 ft. The RMSE for the Sparta aquifer is 32.02 ft (an improvement of approximately 3 ft) over a range in observed hydraulic head of 634.94 ft.
Four scenarios were developed to utilize a steady-state version of the MERAS model that includes average input conditions of streamflow, precipitation (which is converted to net recharge), and the appropriate average pumping condition for the scenario under evaluation. Scenario 1 was developed to use pumping values resulting from the optimization of 100 percent of baseline rates (typically 1997 pumping rates) from previous optimization modeling of the alluvial aquifer and the Sparta aquifer. Scenario 2 was developed to evaluate the prolonged effects of pumping from the alluvial aquifer at recent pumping rates. Scenarios 3A and 3B were designed to evaluate withdrawal limits from the alluvial aquifer by utilizing drawdown constraints equal to an altitude of approximately 50 percent of the predevelopment saturated thickness of the alluvial aquifer or 30 ft above the bottom of the alluvial aquifer, whichever was greater. The results of scenario 1 indicate large drawdowns throughout the area of the alluvial aquifer, regardless of the substitution of the optimized pumping values from earlier model simulations. In previous optimization simulations, each aquifer, or part of the aquifer, was simulated independently so that pumping from the Sparta aquifer did not interfere with pumping from the alluvial aquifer. Because of this, it is possible that more pumping was allowed from each aquifer than might be expected if the system was simulated as a whole. The results of scenario 2 also indicate large areas of water-level decline below half of the saturated thickness, throughout the alluvial aquifer. The simulation of declines in some areas may indicate the continued declines noted in some wells in the area since the 1970s, and occur partially because the MERAS model contains an additional 10 years of information beyond the 1997 base pumping information used in previous modeling efforts. The results of scenario 3A reveal some effects from the inclusion of multiple aquifers in a single simulation. The initial configuration of scenario 3A resulted in water levels well below the defined drawdown constraint and some areas of depleted aquifer in east-central Arkansas. A fourth simulation (scenario 3B) was configured to apply the same drawdown constraints from the alluvial aquifer wells to the Sparta aquifer wells in the depleted area. These drawdown constraints reduce leakage from the alluvial aquifer to the underlying Sparta aquifer. This configuration did not produce depleted areas within the alluvial aquifer in the Grand Prairie area. Scenario 3A and 3B simulations indicate that even with pumping limited in the alluvial aquifer, water levels in some areas may continue to decline because of pumping in the underlying Sparta aquifer.
